To analyze the role of cell proliferation in phenolic compound-induced rat forestomach carcinogenesis, early forestomach histopathological changes as well as oncogene expression and reversibility of early forestomach lesions were examined in F344 male rats. For the analysis of early lesions, five animals each were treated with butylated hydroxyanisole (BHA), caffeic acid, sesamol, or 4-methoxyphenol in the diet, each at a dose of 2%, and killed for histopathological examination after 12 hr, 1, 3, or 7 days. For oncogene analysis, three animals each were treated with BHA for 15, 30 min, 1, 3, 6, or 24 hr and then sacrificed. In the reversibility study, groups of animals were treated with BHA, caffeic acid, sesamol or 4-methoxyphenol for 24 weeks, and basal diet alone was supplied for a further 24-week period. Animals were killed at 24 and 48 weeks and forestomach epithelium was examined histopathologically. DNA synthesis increased within 12 hr to 3 days after commencement of chemical treatment in all cases. Toxicity and cell proliferation became evident subsequent to increase in DNA synthesis in each case. Elevated expression of c-fos and c-myc oncogenes was demonstrated 15 min after beginning treatment with BHA. In the reversibility study, although most of the proliferative lesions induced by these antioxidants regressed after cessation of chemical treatment, some dysplastic lesions were still observed at week 48. The results indicate that these phenolic compounds act primarily as mitogens in rat forestomach epithelium, with regeneration due to toxicity further enhancing cell proliferation. During this continuous elevation of cell turnover, dysplastic lesions appear that persist and presumably play a role in the development of forestomach carcinomas.
Introduction
Recently, phenolic compounds such as butylated hydroxyanisole (BHA), caffeic acid, sesamol, 4-methoxyphenol, and 4-methylcatechol have been shown to induce squamous cell carcinomas in rat forestomach epithelium in 2-year feeding studies (1, 2) . Such compounds are not mutagenic in the Ames test but induce strong cell proliferation as well as toxicity such as inflammation, erosion, and ulceration during chemical treatment (3) (4) (5) . Cell proliferation has been suggested to play an important role in the carcinogenicity of nongenotoxic chemicals (6) . The present investigation was performed to analyze early histopathological changes induced by these carcinogens in rat forestomach epithelium, as well as oncogene expression and reversibility of such early forestomach lesions to clari-fy the role of cell proliferation and toxicity in forestomach carcinogenicity induced by phenolic compounds.
Materials and Methods
For the analysis of early forestomach lesions, groups of twenty-five 6-week-old F344 male rats (Charles River Japan Inc., Kanagawa, Japan) were treated with BHA, caffeic acid, sesamol, or 4-methoxyphenol in Oriental MF powdered basal diet (Oriental Yeast Co., Tokyo, Japan) at a dose of 2%, or basal diet alone, and killed for histological examination after 12 
Results
DNA synthesis in the mid-region of the forestomach epithelium, expressed as the number of labeled cells per 100 basal cells (labeling index), increased 12 hr after treatment with caffeic acid, sesamol, or 4-methoxyphenol. In the case of BHA, an increase in labeling index was apparent 3 days after treatment. After 7 days of continuous antioxidant administration, labeling indexes increased or continued to be high, especially in the groups treated with sesamol or 4-methoxyphenol followed by caffeic acid and BHA (Fig. 1) .
Hyperplasia was also observed 3 days after treatment with caffeic acid at an incidence of 80%, but this change first became evident only later in the cases of BHA, sesamol, and 4-methoxyphenol (Fig. 2) . Toxic changes such as erosion or ulceration developed in 60-100% of the animals treated with caffeic acid, sesamol, or 4-methoxyphenol, but were not found in those treated with BHA (Fig. 3) .
Strongly elevated expression of the c-fos oncogene in forestomach epithelium was demonstrated 15 min after beginning treatment with BHA but rapidly decreased thereafter. c-myc expression was similarly observed after 15 min of treatment, then decreased slowly.
In the reversibility study, moderate hyperplasia (thickness between 0.1 and 0.5 mm) was found in all 
Discussion
The present experiments clearly show that all four phenolic compounds induce increases in DNA synthesis within 3 days after treatment followed by hyperplasia and evidence of epithelial damage. Expression of the protooncogenes c-fos and c-myc was clearly found after 15 min of treatment with BHA. These proliferation and direct cell proliferation. Partial hepatectomy and CC14 intoxication induce compensatory cell proliferation and c-fos and c-myc expression with a maximum increase between 0.5 and 2 hr for c-fos and 2-3 hr for c-myc. On the other hand, ethylene dibromide, cyproterone acetate, lead nitrate, and nafenopin induce direct cell proliferation without any associated increase in the expression of c-fos during the first 24 hr (7) (8) (9) . In this sense, phenolic compounds seem to induce a different type of direct hyperplasia with protooncogene expression in the early stage, which later is supplemented by compensatory hyperplasia. It is of interest that although hyperplasia regressed 24 weeks after cessation of chemical treatment, some focal dysplastic lesions still remained in the forestomach epithelium. These lesions are histopathologically similar to those found in animals treated with the genotoxic carcinogens N-methyl-N'-nitro-N-nitrosoguanidine or N-methylnitrosourethane and are also found in hamster forestomach epithelium after cessation of BHA treatment (10) . Therefore, it is conceivable that during continuous, strong cell proliferation, genetic alterations in DNA may take place, resulting in focal populations responsible for the development of carcinomas. However, the genotoxic effect of BHA may be very weak because continuous oral treatment with 2% BHA for 24 weeks was insufficient for initiation of two-stage rat forestomach carcinogenesis (11) .
Recently, we established that small amounts of DNA adducts were indeed formed in the forestomach epithelium but not in the glandular stomach epithelium of rats treated with BHA for 2 weeks as evaluated by the enzymatic 32P-postlabeling method (12) . In vitro, DNA adducts were not formed by BHA alone, requiring the addition of S-9 mixture to the medium and acidic conditions. The adduct spots coincided with those formed by t-butylquinone, a metabolite of BHA (12) ; oral administration of this compound has, in fact, been shown to induce DNA damage in rat forestomach epithelium (13) . Therefore, quinone metabolites may be responsible for the induction of cytotoxicity or genotoxicity. On the other hand, formation of 8-hydroxydeoxyguanosine, a DNA-damage product associated with active oxygen species, and/or elevation of lipid peroxidation, was not demonstrated in rat forestomach epithelium treated with these phenolic compounds for 2-48 weeks (14) . Therefore, active oxygen species may not be involved in the cytotoxicity or probable genotoxic events caused by these chemicals, at least later than 2 weeks after treatment.
In conclusion, the process of forestomach carcinogenesis by nongenotoxic phenolic compounds is complex, and several steps should be considered as indicated in Figure 4 : a) initiation of DNA synthesis, b) stimulation of continuous cell proliferation, and c) DNA alteration (adduct formation). Further studies are required to clarify the factors that cause these changes.
